Introduction
The structural organization and cellular composition of the pseudostratified mucociliary epithelium lining the conducting airways of the mammalian lung is essential to its many physiological functions. For example, apical-junctional complexes between polarized luminal cells provide the first line of defense against external pathogens and allergens, while allowing selective paracellular transport of ions and macromolecules. Different kinds of secretory cells produce antimicrobial agents and mucus, and the multiciliated cells drive secretions out of the lung (Knight and Holgate, 2003; Proud and Leigh, 2011) . Executing these functions comes at a price, however, because the specialized luminal cells are vulnerable to damage by agents such as viruses, inhaled toxicants, and aspirated stomach acid. Fortunately, the loss of luminal cells is normally compensated for by the mobilization of undifferentiated stem/progenitor cells localized close to the basal lamina. At steady state, these basal cells (BCs) are relatively quiescent, but after a loss of luminal cells they proliferate and differentiate into ciliated and secretory cells (Borthwick et al., 2001; Hogan et al., 2014) . Considerable progress is being made in understanding the transcriptional circuits and signaling pathways that regulate the self-renewal of BCs and the lineage choices of their descendants (Rock et al., 2011b; Tata et al., 2013; Paul et al., 2014; Tadokoro et al., 2014; Zhao et al., 2014; Danahay et al., 2015; Mori et al., 2015; Pardo-Saganta et al., 2015; Watson et al., 2015) . However, less is known about the cellular mechanisms that drive morphological changes in the daughters of the BCs as they acquire apical-basal polarity and integrate seamlessly into the epithelium. Indeed, from a broader perspective and considering other tissue systems, we need to better understand how genes regulating epithelial cell shape, cytoskeletal organization, and intercellular adhesion are linked to networks controlling lineage choice and differentiation (Connelly et al., 2010; Buske et al., 2012; Folgueras et al., 2013; Ader and Tanaka, 2014; Castanieto et al., 2014; Lancaster and Knoblich, 2014) .
Previous studies identified the evolutionarily conserved grainyhead and grainyhead-like transcription factors as master regulators of epithelial morphogenesis (Wang and Samakovlis, 2012) . Processes regulated by these factors include apical-basal polarity, intercellular adhesion, barrier function, and motility, as well as lineage choice and differentiation of progenitor populations (Wilanowski et al., 2002; Paré et al., 2012; Senga et al., 2012; Gao et al., 2013; Li et al., 2013) . Epithelial tissues in which vertebrate grainyhead-like genes are known to be important include skin, developing neural tube, placental trophoblast, hepatic biliary cells, inner ear, and embryonic kidney (nephric duct; Ting et al., 2005; Chalmers et al., 2006; Werth et al., 2010;  Pseudostratified airway epithelium of the lung is composed of polarized ciliated and secretory cells maintained by basal stem/progenitor cells. An important question is how lineage choice and differentiation are coordinated with apicalbasal polarity and epithelial morphogenesis. Our previous studies indicated a key integrative role for the transcription factor Grainyhead-like 2 (Grhl2). In this study, we present further evidence for this model using conditional gene deletion during the regeneration of airway epithelium and clonal organoid culture. We also use CRI SPR/Cas9 genome editing in primary human basal cells differentiating into organoids and mucociliary epithelium in vitro. Loss of Grhl2 inhibits organoid morphogenesis and the differentiation of ciliated cells and reduces the expression of both notch and ciliogenesis genes (Mcidas, Rfx2, and Myb) with distinct Grhl2 regulatory sites. The genome editing of other putative target genes reveals roles for zinc finger transcription factor Znf750 and small membrane adhesion glycoprotein in promoting ciliogenesis and barrier function as part of a network of genes coordinately regulated by Grhl2.
GRHL2 coordinates regeneration of a polarized mucociliary epithelium from basal stem cells Pyrgaki et al., 2011; Tanimizu and Mitaka, 2013; Petrof et al., 2014; Aue et al., 2015; Walentin et al., 2015) . In humans, a recent study has shown that some individuals homozygous for missense mutations in GRHL2 not only have conditions like ectodermal dysplasia, deafness, and hypodontia, but also asthma (Petrof et al., 2014) . This condition is associated with excess mucus production, subepithelial inflammation and fibrosis, and potential defects in epithelial barrier function (Holgate, 2011; Rezaee and Georas, 2014) .
Previously, we addressed the role of Grhl2 in human airway epithelium using Krt5 + Trp63 + primary BCs in culture (Gao et al., 2013) . We found that expression of dominant-negative Grhl2 protein inhibited both the ability of daughter cells to form a polarized epithelium with barrier function and their differentiation. By combining transcriptomics and genome-wide chromatin immunoprecipitation sequencing (ChIP-Seq), we identified several hundred putative Grhl2 target genes with binding sites near the promoter region. Although many of these genes have been implicated in the adhesion, polarity, motility, and differentiation of cell lines, much less is known about their role in the morphogenesis and physiological function of specialized epithelial tissues.
Here, we use conditional deletion of a new Grhl2 flx allele in mouse tracheal BCs to further define the role of this transcription factor during the regeneration of the mucociliary epithelium from basal progenitors in vivo and in 3D organoid cultures. We also use CRI SPR/Cas9 genome editing in primary human BCs to screen multiple putative Grhl2 target genes for functions in airway epithelium using air-liquid interface (ALI) and organoid cultures. Together, these experiments establish that Grhl2 coordinately regulates airway cell polarity, barrier function, and lineage differentiation through multiple downstream effectors. These include the Notch signaling pathway and known ciliogenesis genes, as well as the transcription factor zinc finger protein 750 (ZNF750 in humans and Znp750 in mice) and small membrane adhesion glycoprotein (SMA GP), genes that had not previously been implicated in airway epithelial cell biology.
Results
Grhl2 expression and changes in BC phenotype during airway repair after exposure to SO 2
The mucociliary epithelium of the mouse trachea is composed of approximately equal proportions of Foxj1 + multiciliated cells, Scgb1a1 + secretory cells, and Krt5 + Trp63 + BCs. If luminal cells are destroyed by brief exposure to SO 2 , they are replaced by the proliferation and differentiation of surviving BCs (Fig. 1 A; Rock et al., 2009; Tadokoro et al., 2014; PardoSaganta et al., 2015) . In the normal epithelium, ZO1 (Tjp1) and Claudin 4 (Cldn4) proteins are localized to apical-junctional complexes between the polarized luminal cells. In contrast, the BCs do not have distinct apical domains delimited by localized ZO1 expression (Fig. 1 B) . One of the earliest responses of the BCs to injury, within 24 h, is spreading to cover the denuded basal lamina and then proliferating to self-renew and generate undifferentiated progenitors. Significantly, all of the squamous epithelial cells present at 24 h postinhalation (hpi), including those that express Trp63, have distinct ZO1 + apical junctions. They also show elevated levels of Cldn4 expression that is not restricted to apical junctions (Fig. 1 B) . The localization of ZO1 between all cells at this time was confirmed by wholemount visualization of tracheas from Tjp1 tm1lch mice expressing a ZO1 :GFP fusion protein from the endogenous Tjp1 allele ( Fig. S1 ; Huebner et al., 2014) . At 48 and 72 hpi, when the Krt8 + progenitor cells have become more columnar in shape, the Krt5 + Trp63 + cells no longer express localized ZO1, and the level of Cldn4 is down-regulated (Fig. 1 B) .
Grhl2 is expressed in all tracheal epithelial cells both before and during the repair process, including the Krt5 + Trp63 + BCs (Fig. 1 B) . To test the function of Grhl2 in Krt5 + cells during repair in vivo, we generated a Grhl2 flx allele in which recombination deletes exon 3 (see Materials and methods section Mice). Adult male Krt5-CreER;Grhl2 flx/null ;Rosa-tdTm experimental mice and Krt5-CreER;Grhl2 +/+ ;Rosa-tdTm controls were treated with tamoxifen (Tmx) 2 wk before exposure to SO 2 according to two different regimens. In one cohort (Fig. 2 A) , a relatively high dose (four doses of 0.1 mg/g body weight through gavage) was used to delete Grhl2 in ∼32% of the Krt5 + cells. In the second cohort, a single low dose (1 µg/g) was given to label only a few cells so that their clonal expansion could be assayed (Fig. 2 E) . In both cases, tracheas were examined at times when repair is normally complete (10, 14, and 21 d postinhalation [dpi] ).
The effect of deleting Grhl2 in many Krt5 + cells is shown in Fig. 2 (B-D) . Whole-mount and section immunohistochemistry (IHC) coupled with confocal analysis and quantification showed that deleting Grhl2 resulted in a reduction in the proportion of Krt5 + cells that become multiciliated cells at 10 dpi (32.6 ± 4.7% for wild type vs. 16.3 ± 3.2% for mutant; n = 3 mice, P = 0.004). At the same time, there was a significant increase in the proportion of cells that express Scgb1a1, a marker for the Club cell secretory lineage (29.9 ± 3.6% vs. 44.0 ± 5.0%; P = 0.02). There was, however, no change in the proportion of cells that express neither acetylated tubulin nor Scgb1a1, presumably BCs and undifferentiated progenitors (37.5 ± 7.2% vs. 39.7 ± 4.7%; Fig. 2 D) .
To study the effect of deleting Grhl2 on the clonal expansion of Krt5 + stem and progenitor cells, we performed a whole-mount analysis using tracheas from mice exposed to only a single low dose of Tmx (Fig. 2 E) . Clones were examined in whole mount at several different positions along the dorsal-ventral and anterior-posterior axis, at both 14 and 21 dpi. As shown in Fig. 2 (F and G) , there was no statistically significant difference in the mean size of mutant versus wild-type or heterozygous clones. Collectively, these results indicate that loss of Grhl2 from Krt5 + BCs does not affect their ability to proliferate in the context of in vivo epithelial repair. Rather, it preferentially reduces the differentiation of mutant cells along the ciliated lineage, and more daughters become secretory cells.
Loss of Grhl2 in mouse BCs inhibits epithelial morphogenesis in clonal organoid culture and differentiation into ciliated cells
To further explore the mechanism by which Grhl2 regulates the behavior of basal progenitors, we exploited the ability of single BCs to give rise in 3D culture to organoids (tracheospheres) containing basal, secretory, and ciliated lineages around a central lumen (Rock et al., 2009; Tadokoro et al., 2014) . Because spheres are clonal, mutant cells are associated only with other mutant cells and are not intermingled with wild-type or heterozygous cells, as in tracheal repair in vivo. The factors affecting the efficiency with which single cells generate clonal tracheospheres have not been completely defined but include the ability to survive after dissociation and the probability of BC self-renewal versus differentiation. In addition, the diameter of a sphere will depend not only on cell proliferation but also on lumen formation (Jaffe et al., 2008) , polarized fluid transport, and barrier function. For organoid culture, BCs that express both the Tm + lineage label and the surface marker Ngfr were isolated by FACS (Fig. S2 ) from tracheas of Krt5-CreER;Rosa-tdTm mice that were either Grhl2 +/+ or Grhl2 flx/+ (controls) or Grhl2 flx/− . Cells were embedded in extracellular matrix and cultured for up to 21 d. As shown in Fig. 3 (A and B) , there was a significant decrease in the colony forming efficiency (CFE) of cells lacking Grhl2 compared with controls (CFE = 13.71 for wild-type cells and 9.45 for mutant; n = 3, P = 0.025). In addition, the mutant spheres were on average ∼36% smaller in diameter than controls (292.5 ± 4.6 µm for wild type, 308.7 ± 5.9 µm for heterozygous cells, and 193.1 ± 3.8 µm for mutants; P < 0.0001; Fig. 3 C) .
To follow the fate of lineage-labeled cells in individual spheres, organoid cultures were analyzed by IHC for markers of basal (Trp63 + Pdpn + ), luminal (Krt8), secretory (Scgb3a2), and ciliated (Foxj1) cells. Because some Tm + BCs isolated from Krt5-CreER;Rosa-Tm;Ghl2 flx/− mice may have recombined the reporter allele but not Grhl2 flx , spheres were confirmed as being derived from mutant cells by an absence of Grhl2 protein. As shown in Fig. 4 (A and B) , mutant spheres contained both Trp63 + Pdpn + BCs and Krt8 + luminal cells. However, the mutant luminal cells were flatter and more squamous than the columnar Krt8 + control cells and had shorter basolateral membrane domains (Fig. 4 B) . They also appeared to express less Cldn4 than controls (Fig. 4 C) . Luminal cells positive for the secretory marker, Scgb3a2, were present, but there were very few Foxj1 + ciliated cells (Fig. 4, A and D) . This deficiency was still seen after 21-d culture, indicating that it is not just caused by a delay in differentiation. To extend these findings, we performed a quantitative RT-PCR (qRT-PCR) analysis of genes expressed in mutant and control spheres at 14 d. As shown in Fig. 4 E, the expression of genes encoding transcription factors that are known to promote ciliogenesis (Multicilin [Mcidas] , Rfx2, and Myb) are all significantly down-regulated in Grhl2 mutant spheres. This is consistent with our previous ChIP-Seq evidence that these genes are direct targets for Grhl2 (Gao et al., 2013) . Transcripts of the ciliated cell-specific gene, Foxj1, are also reduced, although this gene does not have associated Grhl2-binding sites. In contrast, expression of Grhl3 and Ccnd1 (cyclin D1), two other potential direct Grhl2 targets, is upregulated. Although Club cells are present in mutant spheres after 14 d of culture (Fig. 4 D) , levels for the secretory cellspecific gene, Scgb3a2 (which is not a potential target), were down-regulated as judged by qRT-PCR, whereas there was no change in the levels of Scgb1a1 RNA.
Previous studies have shown a key role for Notch signaling in the self-renewal and differentiation of adult airway BCs, with high levels of Notch promoting the secretory lineage. Specifically, recent studies have implicated Notch3 in promoting the differentiation of adult basal stem cells into parabasal progenitors and Notch1 and 2 in fate selection between secretory and ciliated linages (Rock et al., 2011b; Danahay et al., 2015; Mori et al., 2015; Pardo-Saganta et al., 2015) . ChIP-Seq has shown Grhl2 occupancy of binding sites near NOT CH1, NOT CH3, JAG1, and JAG2 (Gao et al., 2013 ). We therefore assayed the level of expression of various Notch pathway components in organoid cultures and found that in mutant spheres Notch1, Jag1, and Jag2 were significantly up-regulated, whereas Notch3 and Dll3 were downregulated compared with wild type. These data suggest that Grhl2 is a direct regulator of the Notch pathway in airway progenitors. 
Use of CRI SPR/Cas9 genome editing to test the function of GRHL2 and putative downstream targets in primary human basal airway cells
In previous studies, we used a combination of ChIP-Seq and transcriptomic analysis to identify several hundred genes as likely direct targets of Grhl2 in primary human bronchial epithelial (HBE) cells. These genes are therefore potentially part of a network that regulates and integrates airway epithelial morphogenesis and differentiation from basal progenitors (Gao et al., 2013) . However, the functions of most of these genes in airway epithelial cell biology are not known. To address this challenge, we used CRI SPR/Cas9 genome editing technology to generate mutations in a subset of target genes in HBE cells and assayed their effect on cell proliferation, polarity, barrier function, and lineage differentiation. We used two different assay conditions. The first involves ALI culture in which the starting population of Krt5 + Trp63 + BCs differentiates to form a mucociliary epithelium with barrier function. The second assay uses clonal organoid (bronchosphere) culture in which single BCs both self-renew and give rise to ciliated and secretory cells.
As proof of principle, we first generated small deletions in GRHL2 using a puromycin-inducible lentivirus expressing short guide (sg) RNAs complementary to sequences in the transactivating domain of the protein . We used two independent sgRNAs to be sure that results were reproducible, and both gave similar results. As shown in Fig. 5 A, the two lentiCRI SPR-sgGRHL2 vectors induced insertions or deletions Rosa-tdTm (left) and Krt5-CreER;Grhl2 flx/− ;Rosa-tdTm (right) mouse for RFP (red), Scgb1a1 (green), α-tubulin (magenta), and DAPI (blue) 10 dpi. Top panels are maximum intensity projections generated from z-stack confocal images. Bottom panels are z-direction images from two different regions. (C) IHC of tracheal sections stained for α-tubulin, Scgb1a1, RFP, and DAPI. (D) Quantification of the proportion of lineage labels scored as ciliated (magenta) and secretory (green) cells or neither (gray). Data are from tracheas of three mice of each genotype, and quantification is described in text (Results, third paragraph) and Materials and methods (section Quantification of cell types). Error bars are SEM. *, P < 0.05 by Student's t test. (E) Schematic for clonal analysis during repair. Before SO 2 exposure, mice were given a low dose of Tmx that was shown to label single BCs. (indels) in most of the sequenced genomic DNAs assayed from a population of puromycin-resistant cells. 80% of the mutant alleles were predicted to encode mutant or truncated protein. Control experiments using cells from three different donors showed that after selection, there was a decrease in wild-type RNA transcripts from the GRHL2 locus and Grhl2 protein levels in cells transfected with lentiCRI SPR-sgGRHL2 virus (Fig. S5) .
When sgGRHL2 mutated cells were cultured in ALI, the epithelial monolayer did not establish electrical resistance (Fig. 5 B) , as previously observed using cells expressing a dominant-negative Grhl2 protein (Gao et al., 2013 ). In contrast, control cells developed electrical resistance beginning at ∼10 d. Control experiments based on 5-ethynl-2′-deoxyuridine (EdU) incorporation over 2 h showed that mutant cells proliferated at the same rate as controls (Fig. 5 C) . After 21 d in ALI culture, monolayers were stained in whole mount using antibodies to Foxj1, Muc5AC, and Grhl2. Quantification of the results showed that mutant cells had greatly reduced the ability to differentiate into multiciliated cells, whereas differentiation into secretory cells was not affected (Fig. 5 D) .
In a second set of experiments, single cells infected with either of the two lentiCRI SPR-sgGRHL2s or control vector were seeded into extracellular matrix and grown in organoid (bronchosphere) culture. As shown in Fig. 5 E, the CFE of mutant cells was reduced compared with controls, and spheres were smaller on average. IHC showed that control spheres have a single lumen lined by an epithelium with multiciliated cells (Fig. 5 F) . This was also true for the few spheres in cultures of resistant cells that were still Ghrl2 + , presumably because they were derived from single cells in which the indel did not generate a mutant protein or were not GRHL2 homozygous mutant. In contrast, none of the small mutant spheres lacking Grhl2 protein contained Foxj1 + cells (Fig. 5 F) .
We then used lentiCRI SPR vectors to induce mutations in nine genes predicted from a previous ChIP-Seq and transcriptomic study (Gao et al., 2013) to be direct positive targets of Grhl2 and for which no function is known in the lung. These were ANK RD22, MPZL2, PVRL4, SCR IB, SMA GP, RHB DL2, VGLL1, WDR5B, and ZNF750. The sgRNA sequences were selected to generate indels near the 5′ end of the gene . As shown in Fig. S3 , most of the lentiCRI SPR vectors induced indels in ∼60-100% of the alleles sequenced from puromycin-resistant populations. However, efficiency of indel induction was only 33% for WDR5B. We then tested the ability of mutant cells to differentiate in organoid cultures. As shown in Fig. S4 , there was a significant reduction in CFE for cells mutant in SMA GP, ZNF750, PVRL4, and ANK RD22, but not the other genes tested.
For further studies, we focused on SMA GP (encoding a small transmembrane and glycosylated protein; Tarbé et al., 2004) and ZNF750 (also known as zinc finger protein 750, or Zfp750; encoding a member of the C2H2 subclass of zinc finger transcription factors; Birnbaum et al., 2006; Cohen et al., 2012; Sen et al., 2012; Boxer et al., 2014) . As summarized in Fig. S4 , our ChIP-Seq analysis of primary HBE cells had shown that these two genes have occupied Grhl2-binding sites near the 5′ end (Gao et al., 2013) . Two independent lentiCRI SPR-sgSMA GPs and -sgZNF750s reduced levels of the corresponding RNA and protein in donor cells after selection (Fig. S5) . In addition, transcripts for the two genes were reduced in mouse BCs lacking Grhl2 (Fig. 4 E) , and both proteins and RNAs were down-regulated in HBE cells mutant for GRHL2 (Fig. 5 G) .
In the case of SMA GP, when cells treated with the two different lentiCRI SPR-sgRNAs were assayed in ALI culture, there was an ∼2-d delay in establishing electrical resistance but no significant reduction in the differentiation of the epithelial cells into ciliated and secretory cells after 21 d (Fig. 6, A and B) . When cells were placed in organoid culture, there was a 31.4% reduction of CFE, but the spheres that did form had, on average, about the same diameter as controls, although they had a denser morphology (Fig. 6 C) . Histological analysis showed that mutant spheres did contain multiciliated cells (Fig. 6 D) . However, many spheres had multiple lumens, and the E-cadherin + cells lining them were not as uniform in shape as those in control spheres (Fig. 6 D, inset) . Smagp encodes a conserved transmembrane protein and has been localized to the lateral membrane of well-polarized epithelial cells in several tissues (Tarbé et al., 2004) . However, its expression in the pseudostratified epithelium of the normal human lung has not been reported. We therefore stained sections of normal lung with antibodies to Smagp and observed strong expression in the basolateral membrane of the columnar luminal cells in bronchial epithelium (see Fig. 8 B) .
In the case of ZNF750, when cells treated with lentiCRI SP-sgRNAs were assayed in ALI culture, there was also a delay of ∼2 d in establishing electrical resistance compared with controls (Fig. 7 A) . Whole-mount IHC of the monolayers after 21 d showed a reduction in the number of acetylated tubulin + ciliated cells, but there was no change in the proportion of secretory cells. This result was confirmed by qRT-PCR showing a reduction in both FoxJ1 and Rfx2 transcripts in mutant cells (Fig. 7 B) . Organoid culture demonstrated a 45.5% reduction in both CFE and sphere size in ZNF750 mutant cells comparable with that seen with cells treated with lentiCRI SPR-sgGRHL2 (Fig. 7 C) . Likewise, there was reduced differentiation of cells lacking ZNF750 into ciliated cells (Fig. 7 D) . Expression of ZNF750 protein has been reported in several epithelial tissues including the suprabasal (but not basal) cells of the epidermis (Boxer et al., 2014) . However, there is no study of expression in airway mucociliary epithelium. We therefore examined expression in sections of normal human lung. ZNF750 is present in most of the nuclei of luminal cells, including Foxj1 + ciliated cells, and in ∼63% of the Trp63 + BCs (Fig. 8 A) . Znf750 staining was also seen in ∼73% of Trp63 + HBE cells in organoid culture (Fig. 5 G) . As discussed below (Discussion section Grhl2 and epithelial differentiation), this expression in a subpopulation of BCs has implications for models of Znf750 function in airway differentiation.
Discussion
In this paper, we use a combination of conditional gene deletion and CRI SPR/Cas9 gene editing technology to elucidate the role of Grhl2 in coordinating the morphogenesis and differentiation of airway epithelium from unpolarized basal progenitors. Our results and recent studies by others with kidney and placenta Walentin et al., 2015) clearly establish that grainyhead-like proteins coordinately regulate processes such as cell polarity, adhesion, and barrier function. Significantly, we also show that Grhl2 positively regulates genes associated with progenitor cell differentiation and lineage choice. These include multiple Notch pathway and ciliogenesis genes and the transcription factor Znf750, which has recently been implicated in driving epidermal keratinocyte differentiation (Sen et al., 2012; Boxer et al., 2014) . Collectively, our findings establish a role for Grhl2 as a key integrator of epithelial morphogenesis and differentiation in multiple vertebrate organ systems.
Grhl2 and airway epithelial architecture
Previously, we used expression of a dominant-negative Grhl2 protein to inhibit Grhl2 function in primary HBE cells (Gao et al., 2013) . This prevented the cells from developing electrical resistance in ALI culture, even though they formed a confluent monolayer. At the same time, there was transcriptional down-regulation of many potential Grhl2 target genes (Gao et al., 2013) implicated in cell-cell interactions and selective permeability. Here, we elaborate on these findings to show defects in both barrier function (development of electrical resistance) and epithelial morphogenesis in mouse and human BCs in which Grhl2 has been conditionally deleted or GRHL2 mutated using CRI SPR/Cas9. These defects are observed when mutant cells are either isolated by FACS or selected in culture and subsequently grown in monolayer or clonal organoid culture assays. These findings are consistent with recent studies of small and collapsed lumens in the nephric ducts of Grhl2-null mutant mouse embryos (which die before birth; . Collectively, it appears that the absence of Grhl2 in all or the majority of epithelial cells in a tissue or in culture results in defects in columnar morphology and permeability that may ultimately lead to leakiness, reduced fluid transport, and small lumen size.
Given these observations, the phenotype of the regenerated tracheal epithelium of mice, in which Grhl2 was conditionally deleted in ∼30% of the BCs, was somewhat surprising. Although there was a reduction in the proportion of multiciliated cells (discussed in the next section), the overall gross morphology of the epithelium was relatively normal. In particular, there was no evidence for subepithelial inflammation or edema, as might be expected if the epithelium was leaky or if barrier function was locally disrupted. It therefore appears that in vivo, the presence of adjacent wild-type cells can compensate for some of the phenotypic defects of mutant cells seen in vitro.
Grhl2 and epithelial differentiation
A consistent finding in this study is that conditional deletion or mutation of Grhl2 in mouse or human BCs leads to their reduced differentiation into Foxj1 + multiciliated luminal cells. This inhibition does not appear to be merely secondary to changes in cell morphogenesis because BCs in which SMA GP is mutated do differentiate into ciliated and secretory cells as normal, even though barrier function is delayed and mutant spheres do not form a single lumen (Fig. 6) . Rather, we favor the explanation that Grhl2 regulates ciliogenesis by acting directly through transcriptional activation of target genes known to regulate ciliogenesis such as Mcidas (Multicilin), Myb, and Rfx2 (Fig. 9) . Two lines of evidence indicate that these genes are direct targets of Grhl2. First, each is associated with robust binding sites that are occupied in HBE cells, as shown by ChIP-Seq (Gao et al., 2013) , and second, their transcript levels decrease in spheres derived from Grhl2 mutant BCs (Fig. 4) . In addition, Grhl2 likely regulates ciliogenesis by promoting transcription of Notch3 and inhibiting Notch1, both of which have binding sites. Evidence from other studies suggests that Notch3 promotes transition of basal stem cells into differentiating progenitors, whereas Notch1 and 2 promote differentiation into secretory cells (Mori et al., 2015) .
Another significant finding from this work is that mutation of ZNF750 (Zfp750 in mice), a putative Grhl2 target gene encoding a zinc finger transcription factor, leads to a delay in barrier formation and inhibition of ciliogenesis (Fig. 7) . This raises the possibility that Znf750 is both a novel ciliogenesis gene and a regulator of luminal cell-cell interactions and selective permeability. Previous studies have shown that Znf750 is expressed in suprabasal epidermal keratinocytes in vivo and plays an important role in both inhibiting the progenitor phenotype of BCs and promoting their terminal differentiation and barrier function (Cohen et al., 2012; Sen et al., 2012; Boxer et al., 2014) . This is achieved by Znf750 acting as a gene repressor in conjunction with chromatin-modifying proteins and as a transcriptional activator in conjunction with Klf4. In the epidermis, Znf750 is not expressed in BCs. In contrast, we found that in the bronchial epithelium of the adult human lung, ZNF750 is expressed in all luminal cells and in ∼63% of BCs (Fig. 8) . This pattern of expression is consistent with a role in promoting the differentiation of ciliated cells and in suppressing the multipotency of ∼37% of BCs. Significantly, recent mathematical modeling of BC lineagetracing experiments in the uninjured mouse trachea suggests that about half of the Krt5 + BCs are already committed to luminal differentiation (Watson et al., 2015) . By analogy, based on studies in the epidermis (Cohen et al., 2012; Sen et al., 2012; Boxer et al., 2014) , we speculate that in the pseudostratified mucociliary epithelium, Znf750 marks the BC population that has a high probability of differentiation. Moreover, we suggest that it functions to both repress multipotency and promote expression of genes related to establishment of barrier function and ciliogenesis (Fig. 9) . In the future, this model can be tested by lineage tracing Znf750 + cells during repair as well as with ChIP-Seq and transcriptomic studies.
In conclusion, we have used a combination of in vivo conditional gene deletion and in vitro CRI SPR/Cas9 gene editing techniques to demonstrate that Grhl2 functions in basal stem cells as a central coordinator of both epithelial morphogenesis and barrier function as well as lineage commitment and differentiation. Moreover, we show that CRI SPR/Cas9 technology in combination with morphogenetic assays is a powerful method to rapidly screen for genes regulating epithelial cell morphogenesis and differentiation and identify two new downstream effectors of Grhl2 action in mucociliary epithelium, namely Smagp and Znf750.
Materials and methods

Mice
The Grhl2 flox targeting construct was obtained from the KOMP Repository (project CSD30984; clone PRP GS00075_B_H01) and confirmed by DNA sequencing. The linearized vector was electroporated into C57BL/6N-PRX-B6N #1 mouse embryonic stem cells (The Jackson Laboratory). Long-range PCR was used to verify homologous recombination in the 5′ and 3′ homology arms and DNA sequencing to verify the LoxP site. Three correctly targeted ES clones were used to generate chimeras by blastocyst injection. Grhl2 flox mice were crossed with ACTB :FLPeB6J mice (The Jackson Laboratory) to remove the Neo and LacZ cassette. Mice carrying the null Grhl2 tm1.1Jane (provided by S. Jane, Monash University, Melbourne, Victoria, Australia; Rifat et al., 2010) , Krt5-CreER (Van Keymeulen et al., 2011), and Tjp1 tm1lch alleles (provided by T. Lechler, Duke University School of Medicine, Durham, NC; Foote et al., 2013; Huebner et al., 2014) and ROSA-CAG-tdTomato (Rock et al., 2011a) were maintained on a C57BL/6 background. Adult mice were 8-12 wk old. Between two and five animals were used in each experiment as indicated.
To induce recombination in BCs, Tmx (Sigma-Aldrich) in corn oil was administered through gavage. To label many BCs, 0.1 mg/g of body weight Tmx was given to adult mice every other day for a total of four times. For clonal analysis, a single dose of 1 µg/g of body weight Tmx was given. For SO 2 exposure experiments, the final Tmx dose was given 2 wk before injury. Adult male mice were placed in individual compartments within a chamber and exposed to 500 parts per million SO 2 in air for 4 h.
IHC
Normal human lungs, which were obtained under Institutional Review Board-approved protocols from donors without preexisting lung disease, and mouse tracheas were fixed in 4% (wt/vol) PFA at 4°C for 3 h. ALI cultured cells and spheres were fixed in 4% PFA for 10 min and 30 min at RT, respectively. Samples were embedded in paraffin, sectioned at 7 µm, and stained as described previously (Rock et al., 2011b) . For whole-mount staining of ALI culture, after fixation and washing with PBS, the membrane was cut from the insert and stained by standard protocols. Antibodies were rabbit GRHL2 (1:450; human protein atlas number HPA004820; Sigma-Aldrich), rat E-cadherin (1:500; 13-1900; Invitrogen), mouse monoclonal Trp63 (1:50; model sc-8431; Santa Cruz Biotechnology, Inc.), mouse monoclonal MUC5A (1:200; MS145-PO; Lab Vision), mouse Foxj1 (1:1,000; 14-9965; eBioscience), mouse acetylated tubulin (1:1,000; T-7451; Sigma-Aldrich), rabbit Scgb3a2 (1:5,000, a gift from S. Kimura, National Cancer Institute, Bethesda, MD; mature 70 amino acids used as antigen), Hamster Pdpn (1:1,000; Developmental Studies Hybridoma Bank; 8.1.1), rabbit Scgb1a1 (1:10,000, a gift from B. Stripp, Cedars-Sinai Medical Center, Los Angeles, CA; 4× Histagged full-length recombinant rat Scgb1a1 used as antigen), rabbit RFP (1:250; 600-401379; Rockland) rabbit Cldn4 (1:150; 36-4800; Invitrogen), rabbit SMA GP (1:100; human protein atlas number HPA039711; Sigma-Aldrich), and rabbit ZNF750 (1:50; human protein atlas number HPA021573; Sigma-Aldrich). Antigen retrieval on paraffin sections used 10-mM sodium citrate butter, pH 6, in a pressure cooker-like device (2100 Retriever; PickCell Laboratories). Figure 9 . Model for Grhl2 function in coordinating differentiation and morphogenesis of airway epithelium. Krt5 + Trp63 + BCs of the pseudostratified mucociliary epithelium both self-renew and give rise to both Foxj1 + ciliated and secretory cells. This differentiation involves notch signaling and is thought to proceed via Trp63 + progenitors committed to either lineage pathway (yellow or blue nuclei; Mori et al., 2015; Pardo-Saganta et al., 2015; Watson et al., 2015) . As progenitors and their descendants integrate into the epithelium, they acquire apical-basal polarity and apical-junctional complexes mediating barrier function. We propose that Grhl2 coordinates these changes by acting through multiple downstream effectors, including direct Grhl2 target genes indicated by asterisks.
Image acquisition
Images were recorded on the following microscopes: Axiovert 200 (Carl Zeiss) with 1.25×/0.035 and 2.5×/0.075 Plan-Neofluar objective lenses and Axio Imager D10 (Carl Zeiss) with 40×/0.75 EC Plan-Neofluar and 20×/0.8 Plan-Apochromat objective lenses. AxioCam MRm and HRc cameras (Carl Zeiss) were used to capture the images. Confocal images were recorded on an inverted confocal microscope (710; Carl Zeiss) with 20×/0.8 Plan-Apochromat, 40×/1.30 EC Plan-Neofluar, and 63×/1.4 Plan-Apochromat objective lenses. All images were taken at RT. The acquisitions were performed with Zen software (Carl Zeiss), and subsequent images were cropped and contrast adjusted using Photoshop (Adobe).
Quantification of cell types
For quantification of lineage-traced cells in tracheas, the following methods were used. For whole-mount staining, tracheas were fixed in 4% PFA at 4°C for 3 h, bisected longitudinally, and stained in whole mount with antibody to RFP, acetylated tubulin, and Scgb1a1. At least five random areas along the proximal-distal axis were imaged in an inverted confocal microscope (Carl Zeiss) and Tm + lineage-labeled cells were scored as either ciliated (α-tubulin + ), secretory (Scgb1a1 + ), or neither (basal or undifferentiated progenitors). For IHC of sections, tracheas were embedded in an optimal cutting temperature compound, and 8-µm sections were cut longitudinally in the midline. After IHC, several areas from three sections were imaged using Axio Imager D10, and cells were scored as in whole mounts. A total of 681 lineagelabeled cells were scored from control (Krt5-CreEr;Rosa-tdTomato) and 668 cells from experimental (Krt5-CreEr;Rosa-tdTomato;Grhl-2 flx/− ) tracheas (from n = 3 different mice).
For ALI cultures, after fixation in 4% PFA at room temperature for 15 min and washing with PBS, membranes were cut from triplicate inserts from each of three to five donors and stained in whole mount by standard protocols. Two to four areas near the middle of each insert were imaged using Axio Imager D10, and Foxj1 + , Muc5AC + , and DAPI + cells were counted. Values are means and SEM of triplicate samples. Because of variability between donors in the differentiation of HBE cells, only quantification from one donor is shown in each figure, but all results were similar.
FACS experiments
To isolate mouse BCs, tracheas from Krt5-CreER;Rosa-tdTm mice treated with Tmx were incubated as described previously (Rock et al., 2009) in 16 U/ml Dispase (BD), epithelial sheets were peeled with forceps, and single cells were obtained by incubation with 0.1% trypsin at 37°C for 20 min. Cells were labeled with 9 µg/ml rabbit anti-NGFR (8875; Abcam) or rabbit IgG for 45 min in 2% FBS and 2% BSA in PBS on ice, washed, and incubated with Alexa Fluor 488-conjugated donkey anti-rabbit in 2% FBS and 2% BSA in PBS for 45 min on ice. Propidium iodide was added to exclude dead cells, and FACS was performed in the Duke Cancer Center shared flow cytometry facility. Tm + (RFP + ) NGFR + lineage-labeled BCs were collected.
Mouse tracheosphere culture RFP + NGFR + lineage-labeled BCs were resuspended in mouse tracheal epithelial cell (MTEC)/Plus culture (You et al., 2002) , mixed 1:1 with growth factor-reduced Matrigel (BD), and seeded at 1,000 cells per well in a 24-well, 0.4-µm pore size polyethylene terephthalate membrane insert (Falcon model 353095; BD). MTEC/Plus was added to the lower chamber and changed every other day. Cultures were maintained at 37°C and 5% CO 2 . On day 7, MTEC/SF was placed in the lower chamber and changed every other day. The number of spheres per insert was counted at day 14. Samples were set up in duplicate or triplicate from four biological replicates. Spheres were counted, fixed in 4% PFA in PBS, embedded in paraffin, and sectioned.
HBE cell culture
Primary HBE cells were cultured in ALI, and trans-epithelial electrical resistance (TER) measurement was performed as described previously (Gao et al., 2013) . In brief, passage (P) 0 cells were seeded into plastic dishes coated with bovine collagen (PureCol model 5005-B; Advanced BioMatrix) in basal epithelial growth medium. At 30% confluence, cultures were infected with lentivirus for 8 h and grown for 48 h before puromycin selection. Confluent cultures were passaged to P1 with puromycin in dishes without collagen.
For ALI culture, 4 × 10 4 P1 cells, harvested at 70-90% confluence, were seeded onto collagen IV (C7521; Sigma-Aldrich)-coated 0.4-µm pore size polyester membranes in 24-well, 6.5-mm Transwell permeable supports (Corning). ALI culture medium (Fulcher et al., 2005) was changed three times a week. Triplicate inserts were washed, and 500 µl of fresh ALI medium was added before measuring TER every other day using a Millicell ERS2 (EMD Millipore). Given variation between different donor cells in the time at which maximal TER is reached, only data from one donor are shown, but all results were similar.
For bronchosphere culture, a cushion of 100% Matrigel was first added to the apical surface of the same uncoated inserts. 1,200 HBE cells with 24,000 cells of the MRC5 human lung fibroblast cell line in 100 µl of 50% ALI/50% Matrigel per well were seeded on the top of the cushion. ALI medium was added to the lower chamber and changed every other day. Values for CFE and sphere diameter are the mean of experiments using cells from at least three donors.
EdU staining
Cells were incubated in 10-µM EdU for 2 h at 37°C. EdU staining was performed using the Click-iT EdU imaging kit (Invitrogen) according to the manufacturer's protocol.
CRI SPR/Cas9 genome editing sgRNAs for Grhl2 and its target genes and control sgRNA (that does not correspond to a sequence present in the human genome) were cloned into lentiCRI SPR v2 (Addgene plasmid 52961; Sanjana et al., 2014) . The sequences of sgRNA are listed in Table S1 . Plasmids were transfected into 293T cells with lentiviral packaging vectors Δ8.9 and VSVG using FuGENE 6 Transfection Reagent (Promega). Viral particles were collected and concentrated by centrifugation. Genomic DNA was isolated from transfected and selected HBE cells either 5-7 d after adding puromycin or after 10-d ALI culture with continued puromycin selection. Primers were designed to amplify from genomic DNA the region of mutation for different target genes as listed in Table S2 . PCR was performed using Phusion High-Fidelity DNA Polymerase (model M0530; New England Biolabs, Inc.). The Clontech In-Fusion PCR Cloning System (model 639649; Takara Bio Inc.) was used to fuse the ends of the PCR fragment to the homologous ends of a NotI and SalI linearized pCMV-Sport 6 vector. For each mutation, at least five clones were picked for sequencing. Mutant alleles were identified by comparison with the wild-type unmodified sequence.
qRT-PCR
RNA was extracted with the RNeasy Micro kit (QIA GEN), and cDNA was synthesized with SuperScript III (Invitrogen). PCR was performed with SYBR green chemistry in a StepOnePlus RealTime PCR System (Applied Biosystems). Samples were analyzed in triplicate from two biological replicates, and data were analyzed using the ΔΔCt method.
For detecting GRHL2, SMA GP, and ZNF750 wild-type and mutant transcripts, RNA was extracted from control and mutants cells after ALI culture for 21 d. Paired primers were designed to span the sg region. Primer sequences are listed in Table S2 .
Statistical analysis
Student's t tests were used for all statistical analyses. Data are reported as mean ± SEM.
Online supplemental material Fig. S1 presents evidence, using tracheas from Tjp1 tm1lch mice, that ZO1 is localized between BCs early during regeneration after loss of luminal cells. Fig. S2 is a schematic for the timing and dose of Tmx treatment and FACS strategy used for isolating wild-type and Grhl2 conditionally deleted Ngfr + BCs. Fig. S3 shows evidence from DNA sequencing of the kind and frequency of mutations that were generated in SMA GP, ZNF750, ANK RD22, PVRL4, VGLL1, RHB DL2, MPZL2, SCR IB, and WDR5B genes using lentiCRI SR-sgRNAs. Fig. S4 shows the Grhl2-binding sites in ZNF750 and SMA GP genomic DNA in HBE cells as determined by ChIP-Seq and the CFE and phenotype of spheres generated from mutant HBE cells. Fig. S5 provides evidence that CRI SPR-Cas9-induced mutations reduced expression of GRHL2, SMA GP, and ZNF750 RNA and protein in HBE cells. Tables S1, S2, and S3 give the sequences of sgRNA in lentiCRI SPR vectors, the primers used in qRT-PCR, and the primers for sequencing genomic DNA, respectively. Online supplemental material is available at http ://www .jcb .org /cgi / content /full /jcb .201506014 /DC1. Additional data are available in the JCB DataViewer at http ://dx .doi .org /10 .1083 /jcb .201506014 .dv.
